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Abstract 19 
To improve the nitrogen use efficiency (NUE) of crops to increase yields, one approach is to 20 
develop crops with improved NUE. Qua Quine Starch (QQS), a species-specific orphan gene 21 
present only in Arabidopsis thaliana, has a novel, unexpected functionality. Approximately 0.5-22 
8% of genes in a given species are uniquely present in that species, having no homologs in other 23 
species. They represent a significant fraction of eukaryotic and prokaryotic genomes, and are 24 
thought to be a determinant of the character of a species. However, little is known about the 25 
functional significance of these so-called species-specific or orphan genes. QQS can affect the 26 
extremely important trait of protein content when expressed in other species, in soybean, maize 27 
and rice. Understanding QQS functions has multiple impacts, revealing how plants partition 28 
precious carbon and nitrogen resources. Here, we report QQS interactor nuclear factor Y subunit 29 
C4 (NF-YC4), affects carbon and nitrogen allocation to protein in soybean and maize. QQS and 30 
its related network may be used as a tool to increase the protein content in crops, and to study the 31 
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nitrogen allocation network. RNA-Sequencing analyses of the QQS mutant materials have 32 
identified candidate genes involved in regulation of nitrogen allocation. 33 
 34 
Introduction 35 
 36 
In decades, nitrogen fertilizers have been massively used to increase crop yields, but they 37 
negatively impact the environment in agriculture. New solutions are needed to improve the 38 
nitrogen use efficiency (NUE) of crops to increase yields and decrease the negative impacts on 39 
environment (Han et al. 2015; Good et al. 2004; Lightfoot 2013). NUE is defined as the 40 
efficiency of uptake and utilization of the biologically reactive nitrogen from the growth 41 
environment. Different approaches are proposed, such as development of crops with improved 42 
NUE (Han et al. 2015; Hirel et al. 2007; Masclaux-Daubresse et al. 2010; McAllister et al. 2012; 43 
Beatty et al. 2009; Shrawat et al. 2008),  the analysis of factors that interact with NUE (Han et al. 44 
2015), plant metabolic engineering (Lau et al. 2014), and a metabolomics/computational 45 
approach for understanding NUE for an enhanced crop management and increased yields (Beatty 46 
et al. 2016). Here, we introduce how basic research on an Arabidopsis orphan gene Qua Quine 47 
Starch (QQS) and its involvement in regulation of nitrogen allocation. QQS and its related 48 
network could be applied in agriculture for improved crops with increased protein content.  49 
 50 
Regulation of carbon and nitrogen allocation  51 
 52 
The plant metabolic network regulates the allocation of carbon and nitrogen into different 53 
components such as protein, oil, carbohydrate and determines plant composition (Eastmond 54 
2006; Eastmond et al. 1997; Schiltz et al. 2004; Sulpice et al. 2014; Li et al. 2009; Melis 2013; 55 
Johnson and Alric 2013; Weselake et al. 2009; Ishihara et al. 2015). The regulatory mechanisms 56 
that interconnect the various fluxes across the metabolic network are being identified using a 57 
variety of approaches (Fernandez and Strand 2008; Liscombe and Facchini 2008; Mentzen and 58 
Wurtele 2008; Reiter 2008; Santos-Mendoza et al. 2008; Sweetlove et al. 2008; Usadel et al. 59 
2008; Stitt 2013; Stitt et al. 2010; Thum et al. 2008). For example, one breakthrough was the 60 
finding that hexoses and other metabolites provide a mechanism to control carbohydrate 61 
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allocation in part via modulation of transcriptional and post-transcriptional mechanisms (Koch 62 
1996; Jang and Sheen 1994; Che et al. 2003; Baena-Gonzalez et al. 2007; Vidal and Gutierrez 63 
2008).  The Arabidopsis specific orphan gene Qua Quine Starch (QQS), one of the ~5% of 64 
expressed protein-coding genes in Arabidopsis thaliana that are unique that single species 65 
(Arendsee et al. 2014) has been implicated in regulation of starch and protein metabolism (Li et 66 
al. 2009; Li and Wurtele 2015).  67 
Carbon and nitrogen use are regulated at multiple levels (Xu et al. 2012). Global systems 68 
analysis is leading to genes and processes that play a role in conversion of carbon and nitrogen to 69 
protein, lipid and starch (Fukushima et al. 2014; Stitt 2013; Stitt et al. 2010; Thum et al. 2008). 70 
For example, the metabolites trehalose 6-phosphate, sugar, and the amino acid precursor, 71 
shikimate, have been implicated in the process (Sulpice et al. 2014; Lastdrager et al. 2014). Gene 72 
networks mediated by the interaction of light and carbon signaling pathways in Arabidopsis have 73 
been defined by a combined approach with genetics, genomics and systems (Stitt 2013; Thum et 74 
al. 2008; Yadav et al. 2014). Starch requires little cellular energy to synthesize, and forms easily 75 
degradable, compact non-toxic storage units.  As such, starch biosynthesis and degradation 76 
serves a central role in plant metabolism as the repository for reduced carbon produced in leaves 77 
during the day, as the supply of chemical energy and anabolic source molecules originating from 78 
sucrose during the night, and as a potential storage of easily accessible energy at times of stress. 79 
The process is not fully understood, although most of the metabolic enzymes have been 80 
identified. Starch synthetic enzymes often are in families, with different members of each of 81 
these families often having unique biochemical functions (e.g., (Kaplan and Guy 2004; Lao et al. 82 
1999; Scheidig et al. 2002; Edner et al. 2007; Fulton et al. 2008; Laby et al. 2001; Chia et al. 83 
2004; Critchley et al. 2001; Sparla et al. 2006; Lu and Sharkey 2004; Lu et al. 2006; Steichen et 84 
al. 2008; Zeeman et al. 2004)). Starch degradation and hexose/triose export involves a large 85 
number of enzymes, including families of DBEs, α-amylases, β-amylases, disproportionating 86 
enzymes, phosphorylase, glucan water dikinases, and glucose and maltose transporters (Doyle et 87 
al. 2007; Delatte et al. 2005; Delatte et al. 2006; Lloyd et al. 2005; Smith et al. 2003; Wattebled 88 
et al. 2005; Wattebled et al. 2008; Yu et al. 2005; Zeeman et al. 2004; Streb et al. 2008; 89 
Kammerer et al. 1998; Niewiadomski et al. 2005; Walters et al. 2004; Weber et al. 2000; Weber 90 
et al. 2004; Niittyla et al. 2004; Schneider et al. 2002).   91 
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Owing to the central function of starch, starch production and degradation are highly likely to 92 
respond to environmental, circadian rhythm, metabolic, and/or hormonal signals (Li et al. 2009; 93 
Li et al. 2007; Lu et al. 2005; Usadel et al. 2008; Weise et al. 2006). Such regulation is evident 94 
from the observation that changing the day length affects the rate of starch degradation in 95 
Arabidopsis leaves (Lu et al. 2005). Potential agents affecting starch metabolism include 96 
metabolites, the biosynthetic and catabolic enzymes themselves, and a wide variety of regulatory 97 
proteins, including previously unknown ones such as the QQS gene (Li et al. 2009). Starch 98 
regulation involves complex interactions among regulatory mechanisms that interact with global 99 
carbon and nitrogen allocation.  100 
 101 
Identification of the QQS orphan gene and the role of QQS in carbon and nitrogen allocation 102 
  103 
To identify genes that impact plant composition, our initial strategy leveraged the model species 104 
Arabidopsis thaliana. Based on the postulate that essential molecular genetic mechanisms for 105 
carbon and nitrogen allocation are conserved across species, and that the activity of these 106 
mechanisms can be modulated by as yet unidentified genes (Li et al. 2009; Arendsee et al. 2014), 107 
we selected Arabidopsis single-gene mutants that appeared morphologically like the wild type 108 
(WT) control, but differed in composition, and then determined those transcripts whose 109 
expression was impacted in the mutants. We anticipated identifying a combination of metabolic 110 
and regulatory genes by this approach. The Starch Synthase III ss3 knockout (KO) mutant of 111 
Arabidopsis is high in starch, but has a normal morphological phenotype (Zhang et al. 2008; 112 
Zhang et al. 2005). We identified QQS as a gene whose expression is significantly altered in 113 
Atss3 mutants relative to WT plants (Li et al. 2009).   114 
QQS encodes a protein of only 59 amino acids whose homolog is not identifiable by primary 115 
sequence comparisons to genes of any other sequenced species, not even A. lyrata (Arendsee et 116 
al. 2014) or A. halleri.  Like 15% to 35% of all eukaryotic genes (Gollery et al. 2006; Gollery et 117 
al. 2007; Luhua et al. 2008), QQS has no known functional domains. As such, QQS is considered 118 
an orphan gene—unique to the species Arabidopsis thaliana (Gollery et al. 2006). QQS is one of 119 
the approximately 1,300 protein-encoding orphan genes of A. thaliana, thus it does not share any 120 
significant sequence similarity to any gene of any other organisms. Although all organisms, from 121 
bacteria to humans, have orphan genes, little is understood about their biological role. The 122 
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absence of homology between sequence of QQS and any other protein provides an intriguing 123 
quandary as to its function. To clarify the function of such genes should help to explain the 124 
overall species-specific regulatory and signaling networks.  125 
Down-regulation of QQS results in increased starch and decreased protein, in otherwise 126 
normal appearing plants (Li et al. 2009; Li and Wurtele 2015). In contrast, QQS overexpression 127 
(OE) decreases starch accumulation and increases protein accumulation in leaves and seeds but 128 
has little or no effect on lipid accumulation (Li et al. 2009; Li and Wurtele 2015; Arendsee et al. 129 
2014). Orphans are often disregarded, yet expression of the QQS orphan impacts both protein 130 
and starch levels, provides a previously unidentified function in primary metabolism. 131 
Surprisingly but similarly, multiple soybean lines with different protein levels that expressed 132 
QQS (QQS-E), had decreased leaf starch, increased leaf protein, and increased seed protein (Li 133 
and Wurtele 2012, 2015; Li et al. 2015). Leaf starch and seed starch were decreased; leaf protein 134 
and seed protein were increased more than 10-20% in QQS-E maize and rice (Li et al. 2015). No 135 
aspect of growth or development was visually affected in all QQS mutants mentioned above. 136 
Thus, this species-specific gene can affect the composition of agronomic species thought to have 137 
diverged from Arabidopsis 100 million years ago (Hedges and Kumar 2009). No yield difference 138 
in QQS-E soybean and rice mutants (Li et al. 2015). This research reveals the fundamental 139 
capacity of a species-specific gene to act across species to impact the major metabolic function 140 
of carbon and nitrogen allocation.  141 
QQS-down-regulation does not affect starch degradation in Arabidopsis, rather, the increased 142 
starch content is due to increased starch biosynthesis (Li et al. 2009). The effects of QQS on 143 
starch and protein content are similar in leaves and seeds.  In leaves, protein may provide a stable 144 
capacity to produce more resources, while starch is a transiently accumulated carbon resource 145 
that is used for the night. One potential mechanism for the observed QQS-induced changes in 146 
protein and starch content is an alteration in leaf photosynthetic rate. We have tested that no 147 
significant difference was detected between photosynthetic rates of QQS-E soybean and maize 148 
plants to their segregating WT siblings. This indicates that change in carbon and nitrogen 149 
allocation as a result of the ectopic expression of QQS is not likely associated with an increase in 150 
the rate of photosynthesis (Li et al. 2015). 151 
Since our initial characterization of QQS in 2009 (Li et al. 2009), >30 papers have described 152 
the change of QQS expression level in response to environmental, genetic, and/or epigenetic 153 
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perturbations, e.g., (Seo et al. 2011; Silveira et al. 2013; Ding et al. 2014). In Arabidopsis, QQS 154 
expression correlates positively with protein and negatively with starch under a variety of 155 
environmental conditions (Arendsee et al. 2014; Li and Wurtele 2012; Li et al. 2009; Li and 156 
Wurtele 2015). This led us to the hypothesis that QQS provides a homeostatic function to 157 
optimize tolerance to biotic and abiotic perturbations by mediating crosstalk between primary 158 
metabolism and environmental changes.  159 
The mechanism of QQS functions in another species has been a mystery. As tested by 160 
transgenesis, QQS can function across species barriers. We dissected this mystery by 161 
demonstrating that the QQS transgene increases protein content in seeds of soybean, rice and 162 
maize, independent of the genetic background of each host. Our studies have provided the 163 
mechanism why QQS orphan gene functions across species (Li et al. 2015). Yeast two-hybrid 164 
screening using QQS as bait identified Arabidopsis Nuclear Factor YC4 (AtNF-YC4, 165 
At5g63470) as a potential QQS interactor. Further studies (glutathione-S-transferase (GST) pull-166 
down assays, bimolecular fluorescence complementation assays (BiFC), and Co-167 
Immunoprecipitation (Co-IP) from Arabidopsis transgenic plants overexpressing MYC-tagged 168 
QQS (QQS-TAP)) have confirmed that QQS protein binds to AtNF-YC4, and to soybean, maize 169 
and rice NF-YC4 homologs (Li et al. 2015). QQS does not bind to AtNF-YB7 in pull-down 170 
assays; AtNF-YC4 binding to QQS appeared to require the region from amino acids 73 to 162 of 171 
AtNF-YC4, corresponding to the location of the AtNF-YC4 histone-fold-like domain (Li et al. 172 
2015). Particularly, co-expression of QQS and AtNF-YC4 in tobacco leaf in vivo detects QQS-173 
NF-YC4 protein complex in the cytosol and the nucleus. The simplest explanation is that 174 
predominantly cytosolic QQS (Li et al. 2009) and NF-YC bind in the cytosol and move into the 175 
nucleus, similar to the model for NF-YB (Kahle et al. 2005) moving into the nucleus after 176 
binding with NF-YC.  177 
AtNF-YC4-OE in Arabidopsis looked similar to WT controls but decreased leaf starch 178 
accumulation and increased leaf protein content (Li et al. 2015), but lack of increased-starch 179 
phenotype in Atnf-yc4. These data indicate that AtNF-YC4 has a similar function in regulating 180 
carbon and nitrogen allocation, and the redundant NF-YCs may have overlapped function, which 181 
are consistent with a model in which QQS acts in conjunction with AtNF-YC4 to alter the 182 
allocation of nitrogen and carbon (Li et al. 2015).  183 
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NF-YC is conserved across eukaryotes (Liang et al. 2014; Nardini et al. 2013), often acting 184 
in a heterotrimer complex with NF-YA and NF-YB proteins to model nuclear architecture and to 185 
mediate transcription of a variety of genes, few of which have been defined (Nardini et al. 2013). 186 
NF-YC and NF-YB proteins contain a histone-fold domain; such domains are present in several 187 
related nuclear proteins (Nardini et al. 2013). In contrast to the single-copy NF-Y genes reported 188 
from animal and fungal species, the regulation and function of NF-Y complexes in plants is 189 
complicated by NF-YA, -YB and -YC proteins being coded by gene families of upwards of ten 190 
members each. The fact that multiple-member gene families encode the NF-Y subunits of plants 191 
has led to significant difficulties in interpretation of the role of each protein. These genes have 192 
varied patterns of expression, and are thought to act in different heterotrimer combinations to 193 
elicit various physiological and developmental responses, including regulation of shoot meristem 194 
development, gametophyte viability, embryogenesis, photosynthesis, and flowering time, as well 195 
as drought tolerance (Petroni et al. 2012; Laloum et al. 2013; Kumimoto et al. 2010; Liang et al. 196 
2014). For example, Arabidopsis contains up to 13 AtNF-YC genes; AtNF-YC3/AtNF-YC4/AtNF-197 
YC9 triple mutants show defects in development and flowering (Kumimoto et al. 2010). The 198 
Arabidopsis gene AtLEC1, also designated as AtNF-YB9, promotes shoot meristem 199 
development (West et al. 1994), whereas CONSTANS is an AtNF-YA that modifies flowering 200 
time (Wenkel et al. 2006), and AtNF-YA9 plays a role in gametophyte viability (Levesque-201 
Lemay et al. 2003). This research is the first report providing evidence that NF-YC4 has a 202 
function in regulation of primary metabolism (Li et al. 2015).  203 
Taken together, the data indicate that QQS increases protein accumulation and decreases 204 
carbohydrate accumulation via its interaction with NF-YC4 protein, that this effect is irrespective 205 
of protein composition, and that the effect extends to the monocot, rice, a species which has 206 
diverged from Arabidopsis about 170 million years ago (Hedges and Kumar 2009). The 207 
demonstration that an orphan gene from one species can interact with a metabolic network of 208 
another species via a conserved protein suggests new approaches to elicit phenotype changes 209 
including modulation of complex traits in crop species.  210 
Mechanistic understanding of these transgenic effects are revealed by our discovery that 211 
QQS physically partners with the Nuclear Factor-YC4 (NF-YC4) protein to manifest its 212 
biological function. NF-YC4 is a component of the NF-Y complex, a transcriptional regulator, 213 
which is highly conserved across eukaryotes, explaining how QQS may be able to function 214 
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across many species.  Thus the QQS orphan would be able to highjack a biological network of a 215 
host via interactions with the conserved NF-Y complex protein.  It is our hypothesis that many 216 
orphan genes arise because they confer a selective advantage to an organism by modulating an 217 
internal pathway in response to environmental perturbations, thus facilitating adaptation to a new 218 
environment.  The emergence of orphan genes provides an alternative “explosive” means for 219 
evolutionary adaptation.  The data have broad implications for how orphan genes can function 220 
and impact the development of biological processes. 221 
Soybean, rice and maize are major agronomic food crops, thus these findings are of major 222 
significance in impacting the world’s nutritional supply of dietary protein. These data also 223 
indicate a possible avenue towards increasing protein composition in crop species. As protein 224 
deficiency is one of the greatest health problems worldwide, and plants provide the major protein 225 
sources to at-risk populations. Protein deficiency especially affects children, for whom crops 226 
such as rice and potato (protein-poor crops) are often their major dietary constituents, leading to 227 
a protein-poor diet. Our research also opens a non-transgenic strategy to create high-protein 228 
crops via targeted mutagenesis strategies. Furthermore, the consumption of proteins derived from 229 
plants has far less environmental impact than consumption of animal-derived protein sources. 230 
Thus, the ability to optimize protein productivity by use of higher-protein plant-based foods 231 
would have far-ranging impacts to world health and sustainability. 232 
 233 
QQS and orphan genes  234 
 235 
To our knowledge the QQS gene of Arabidopsis is the only plant orphan gene that has been 236 
significantly investigated.  A number of orphan genes act as toxins or attractants (Arendsee et al. 237 
2014).  Three orphan genes appear to have a role in protection against oxidative stress via an as 238 
yet unknown mechanism (Luhua et al. 2008; Gollery et al. 2006; Gollery et al. 2007). Several 239 
others have been experimentally shown to enable an organism to survive under abiotic stress, 240 
however the mechanism by which these genes function is still to be discovered (Luhua et al. 241 
2008; Gollery et al. 2006; Gollery et al. 2007). At least one orphan gene from yeast appears to be 242 
essential (Khalturin et al. 2009). The vast majority of orphan genes have not been studied at all. 243 
 244 
Materials and methods 245 
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 246 
Plant selection and growth  247 
  248 
The QQS-expressing (QQS-E) soybean lines in the Williams 82 background were generated 249 
previously, and the plant composition and expression level of QQS have been quantified (Li and 250 
Wurtele 2015). The full-length coding sequences of GmNF-YC4-1 (Glyma06g17780) and 251 
GmNF-YC4 (GrmZm2g089812) were cloned into binary vector pB2GW7 respectively as 252 
previously described (Li and Wurtele 2015). The insert was expressed under the control of the 253 
constitutive cauliflower mosaic virus (CaMV) 35S promoter. The 35S::GmNF-YC4-1 or 254 
35S::ZmNF-YC4 fusion construct was introduced into Agrobacterium tumefaciens strain 255 
EHA101 and transformed into soybean (Glycine max) cultivar Williams 82 (Li and Wurtele 256 
2015) or maize B104 at the Iowa State University (ISU) Plant Transformation Facility (PTF, 257 
http://www.agron.iastate.edu/ptf/index.aspx). The transformed soybean seeds and plants were 258 
delivered from the PTF at the T1 generation. The T1 generation was grown and self-fertilized in 259 
the growth chamber in Metro mix MM900 soil in pots with one plant/pot. The GmNF-YC4-1-OE 260 
T2 generation was planted in a field at Curtiss Farm in Ames, IA for seed weight and seed 261 
composition evaluation (T3 generation). The maize plants were delivered at the T0 generation, 262 
and backcrossed to B104 in the greenhouse. The seeds from BC1 generation were planted in the 263 
field in South Woodruff Farm in Ames and backcrossed to B104 to generate BC2 kernels. 264 
Arabidopsis plants were grown in a growth chamber at 22 oC under long day conditions as 265 
described (Li et al. 2009). The seeds were planted on petri dishes, those harboring a “Bar” gene 266 
were selected with glufosinate as previously described (Jones et al. 2016), and plants were 267 
transferred to Sunshine Mix LC1 soil in pots at 12 d after planting. Soybean transformants 268 
expressing AtQQS (AtQQS-E) or overexpressing GmNF-YC4-1 (GmNF-YC4-1-OE) were 269 
identified by PCR analysis for presence of the QQS or GmNF-YC4-1 via vector specific primers 270 
as described before (Li and Wurtele 2015). The vector specific primers are pB2GW7-F: 5'-271 
ACATTACAATTTACTATTCTAGTCGA-3' and pB2GW7-R: 272 
GCGGACTCTAGCATGGCCG-3'; the control-gene primers for soybean are 18S-rRNA-F: 5'-273 
GGGCATTCGTATTTCATAGTCAGAG-3' and 18S-rRNA-R: 5'-274 
CGGTTCTTGATTAATGAAAACATCCT-3'.  275 
 276 
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RNA-Seq  277 
 278 
Total RNA was extracted from pooled Arabidopsis leaf samples of QQS-OE, and Col-0 at the 279 
end of light period under LD conditions in a growth chamber, from soybean leaf samples of 280 
QQS-E, and Williams 82, and from soybean seed samples of QQS-E, Williams 82 and low-281 
protein PI 070456. The RNA was purified, and sent to BGI Americas for sequencing as 282 
previously described (Li et al. 2015).  283 
Two biological replicates were used for Arabidopsis QQS-OE mutant leaf samples, and three 284 
were used for the Arabidopsis Col-0 controls. Four biological replicates for soybean QQS-E leaf 285 
samples, and two for Williams 82 leaf controls. Ten biological replicates for soybean QQS-E 286 
seed samples and controls, and four for low-protein PI 070456 seed samples and controls. Both 287 
the 200-bp short-insert library and the transcriptome sequencing (an Illumina HiSeq 2000 system 288 
with V3 reagent, 91 pair-end sequencing) were conducted at BGI Americas 289 
(http://bgiamericas.com). The cleaned reads were aligned to the reference genome of 290 
Arabidopsis thaliana (Phytozome version 8.0, http://www.phytozome.net) using TopHat 291 
(Trapnell et al. 2009); htseq-count (http://www-292 
huber.embl.de/users/anders/HTSeq/doc/count.html) was used to count the mapped reads.  293 
The consensus sequences of soybean genome were used to identify the Arabidopsis 294 
orthologs. The annotation is available in https://soybase.org/genomeannotation/. 295 
 296 
RNA isolation and real-time PCR  297 
 298 
The first trifoliate leaves of 23-d-old soybeans (~100 mg fresh weight) were used for RNA 299 
isolation using the RNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) according to the 300 
manufacturer’s instructions. Two μg of RNA and SuperScript® III First Strand kit (Invitrogen, 301 
Carlsbad, CA, USA) were used for cDNA synthesis. Quantitative real-time PCR (qRT-PCR) was 302 
performed using the cDNA and gene-specific primers of GmNF-YC4-1 (GmNF-YC4-F: 5'-303 
CCTCCCAGGCATGGCAGTCC-3' and GmNF-YC4-R: 5'-CCATCAAGGCTCCGCTGG-3'). 304 
Each cDNA was amplified by quantitative PCR using iQ™ SYBR® Green Supermix (Bio-Rad, 305 
Hercules, CA, USA) and iCycler real-time PCR system (Bio-Rad). GmACTIN 306 
(Glyma.15g050200, primers: GmActin-F: 5'-GAGCTATGAATTGCCTGATGG-3' and 307 
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GmActin-R: 5'- CGTTTCATGAATTCCAGTAGC-3') were used as the reference gene to 308 
normalize the expression value in each sample, and the relative expression values were 309 
determined compared to that in the independent Williams 82 control  samples, using the 310 
comparative Ct method (2-∆∆Ct) (Liu et al. 2014).  311 
 312 
Composition analysis 313 
 314 
Maize leaves were harvested individually (from individual plant were stored in one envelope) 315 
and frozen in liquid nitrogen and kept in -80 freezer, at 63 days after planting, in late afternoon. 316 
The entire third leaf from the top was harvested. Each plant was screened for genotype by PCR 317 
of genomic DNA of the leaf, determined as ZmNF-YC4-OE or sibling wild type. Leaves from 3 318 
plants of the same genotype (ZmNF-YC4-OE or sibling wild type) were crushed and pooled 319 
together as one sample, a small amount was used for Lowry test, the big portion was weighed the 320 
fresh weight, baked at 71 °C, and recorded the dry weight, moisture content was calculated. 321 
Nitrogen per dry weight was determined by Kjeldahl method using the Kjeltec system 1002 with 322 
the dry samples. Protein content per dry weight was determined by Lowry test kit following the 323 
manufacture’s protocol (Fisher Scientific) using the frozen sample (use the moisture content to 324 
convert fresh weight to dry weight).  325 
Composition of soybean mature seeds (protein, oil and fiber) from soybean, and of maize 326 
mature seeds (protein, starch and oil) from maize plants was analyzed with near infrared 327 
spectroscopy at the Iowa State University Grain Quality Laboratory 328 
(http://www.extension.iastate.edu/Grain/Lab/) as described before (Li et al. 2015).  329 
 330 
Statistical and bioinformatics analyses  331 
 332 
For each experiment, plants were collected and analyzed in a randomized complete block design 333 
or completely randomized design. All plant composition tests were conducted with a minimum 334 
of three biological tests. For all composition analyses, plant samples were assigned randomized 335 
numbers and provided to the analysis facilities for determination in a randomized order with no 336 
designator of genotype. 337 
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Data are presented as mean ± SEM. Two sets of independent samples were compared using 338 
Student’s t-test (two-tailed) with assumption of equal variances (n=3). P < 0.05 was considered 339 
significant (*); P < 0.01 was considered very significant (**).  340 
Estimates of gene size and gene uniqueness and gene annotations are based on the gene 341 
models described in Arabidopsis using the TAIR10 genome release 342 
(ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR10_genome_release/).  343 
 344 
Accession numbers 345 
 346 
Sequence data from this article can be found in The Arabidopsis Genome Information Resource 347 
under the following accession numbers: AtQQS (At3g30720) and AtNF-YC4 (At5g63470). 348 
 349 
Results and discussion 350 
 351 
Overexpression of QQS interactor NF-YC4 in transgenic soybeans regulates nitrogen allocation 352 
 353 
Soybean does not have a homologue of AtQQS, but it does have a highly conserved homologue 354 
that encodes NF-YC4 (Glyma06g17780) which interacts with QQS (Li et al. 2015). Plants that 355 
overexpressed GmNF-YC4-1 (GmNF-YC4-1-OE) looked indistinguishable from Williams 82 356 
control plants (Fig. 1a). The GmNF-YC4 mRNA expression in two independent GmNF-YC4-1-357 
OE lines was an average of 4.47-fold higher than that in the Williams 82 control plants (P < 358 
0.001 for both) (Fig. 1b). The seed protein content increased by 8-11% in the GmNF-YC4-1-OE 359 
lines (P < 0.001 for both), while oil decreased by 2-6% (P = 0.002 and < 0.001) and fiber 360 
decreased by 3-6% (P < 0.001 for both), and no significant difference in yield per plant was 361 
observed (Fig. 1c). These data are consistent with our previous studies, and support the idea that 362 
AtQQS can also interact with the GmNF-YC4-1 to promote an increase in the soybean protein 363 
content (Arendsee et al. 2014; Li and Wurtele 2015; Li et al. 2015).  364 
 365 
Overexpression of NF-YC4 in transgenic maizes regulates nitrogen allocation in the leaves and 366 
seeds 367 
 368 
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Similar to soybean, maize does not have a homologue of AtQQS, but it does have a highly 369 
conserved homologue that encodes NF-YC4 (GrmZm2g089812) which interacts with QQS (Li et 370 
al. 2015). Maize B104 was transformable and derived from maize B73. The B104 genome is 371 
very similar to that of B73 which has been sequenced. Plants that overexpressed ZmNF-YC4 372 
(ZmNF-YC4-OE) looked similar to their segregated sibling control plants. The leaf protein 373 
content per dry weight was increased about 20% in ZmNF-YC4-OE when compared to WT, both 374 
by Lowry Test (Fig. 2a) and by Kjeldahl (Fig. 2b) (P < 0.05). The seed protein content increased 375 
by 15-23% in the ZmNF-YC4-OE lines (P < 0.001 for both), while starch decreased by 3% (P < 376 
0.01 for both), and no significant difference in oil was observed (Fig. 2c). These data are also 377 
consistent with our previous studies, and support that AtQQS may interact with the ZmNF-YC4 378 
to promote an increase in the maize protein content. 379 
 380 
Identify the potential soybean transcripts associated with the high-protein trait 381 
 382 
We have a set of Arabidopsis and soybean plants with different combination of protein content 383 
and QQS expression level. As discovered in our previous study, QQS overexpression is 384 
associated with increased protein content in Arabidopsis leaf, soybean leaf and soybean seeds. 385 
This set of materials, together with corresponding controls, and a low-seed-protein soybean 386 
variety PI 070456 (https://npgsweb.ars-grin.gov/gringlobal/accessiondetail.aspx?id=1115548), 387 
could be used to identify the potential soybean transcripts associated with the high-protein trait 388 
by RNA-Sequencing (RNA-Seq).  389 
Genes with an average of at least 1.5 uniquely mapped reads across samples were tested for 390 
differential expression using the negative binomial QLShrink method described by Lund et al. 391 
(Lund et al. 2012) and implemented in the R package QuasiSeq (http://cran.r-392 
project.org/web/packages/QuasiSeq). Normalization was accomplished by including the log of 393 
the 0.75 quantile of read counts (Bullard et al. 2010) in the log-linear model for the mean of each 394 
RNA-Seq read count. The P values obtained for each genotype comparison were converted to q-395 
values (Storey 2002) using an approach previously described (Nettleton et al. 2006) to estimate 396 
the number of genes with true null hypotheses among all genes tested. To control the false 397 
discovery rate at approximately 5% when identifying genes with significant expression 398 
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differences between genotypes, q-values no larger than 0.01 were considered as evidence of 399 
significant differential expression.  400 
There are 1445 transcripts differentially expressed in Arabidopsis QQS-OE leaf (P<0.01), 401 
and 2249 transcripts differentially expressed in soybean QQS-E leaf (q<0.01). The transcripts 402 
that are significantly altered in both Arabidopsis QQS-OE leaf and soybean QQS-E leaf are 403 
potentially candidate genes that are involved in regulation of protein accumulation. 404 
Fifteen transcripts may be positively associated with high protein in leaf (Table 2). They are 405 
expressed in WT soybean leaf and WT Arabidopsis leaf, but higher in Arabidopsis QQS-OE leaf 406 
and soybean QQS-E leaf. For example, Glyma02g03680 and its ortholog gene AT1G24020 (Fig. 407 
3a) in Arabidopsis are on this list. AT1G24020 is annotated “MLP (member of the Latex Protein 408 
family)-like protein 423”, located in “chloroplast” and involved in “defense response” (Litholdo 409 
et al. 2016). Specifically, three soybean locus IDs matched with the same Arabidopsis ortholog 410 
gene “AT3G47650” are on this list. AT3G47650 encodes a “DnaJ/Hsp40 cysteine-rich domain 411 
superfamily protein” and is located in “chloroplast”. AT3G47650 was significantly down-412 
regulated in cabbage leaf curl virus (CaLCuV) infected rosette leaves at 12 day after inoculation 413 
(Ascencio-Ibáñez et al. 2008). 414 
Sixty-one transcripts may be negatively associated with high protein in leaf (Table 3). They 415 
are expressed higher in WT soybean leaf and WT Arabidopsis leaf, but lower in Arabidopsis 416 
QQS-OE leaf and soybean QQS-E leaf. As indicated as colored font to the locus IDs, there are 417 
twelve groups of multiple soybean genes matched to the same Arabidopsis ortholog gene by 418 
sequence similarity. Specifically, ten soybean genes are matched to the same Arabidopsis 419 
ortholog gene AT5G36930 (Fig. 3b), which is annotated as “Disease resistance protein (TIR-420 
NBS-LRR class) family”, involved in “defense response”, and located in “cytoplasm”. Another 421 
case to indicate that genes involved in disease resistance may be involved in regulation of 422 
metabolism in nitrogen allocation. 423 
There are 2249 transcripts differentially expressed in soybean QQS-E leaf (q<0.01), 2314 424 
transcripts differentially expressed in soybean QQS-E seed (q<0.001), and 108 transcripts in low-425 
protein (P<0.001). Among them, there are 173 transcripts in common that are differentially 426 
expressed in soybean QQS-E leaf and seed. Interestingly, one gene, Glyma03g15050, is in 427 
common that was differentially expressed in soybean QQS-E leaf and seed, and low-protein PI 428 
070456 (Fig. 3c). Its ortholog in Arabidopsis is AT3G54060, annotated as “myosin-M heavy 429 
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protein”, located in “nucleus”. In Arabidopsis, it is expressed in reproductive organs in  flower, 430 
plant sperm cell, seed (https://www.arabidopsis.org/servlets/TairObject?id=36606&type=locus). 431 
Its accumulation is higher in QQS-E soybean leaf and seed, and very low in low-protein PI 432 
070456. It may be associated with high-protein trait in soybean leaf and seed.  433 
In conclusion, this research broaden our understanding of the Arabidopsis orphan gene QQS 434 
and its interactor NF-YC4 as a modulator of plant composition and indicate NF-YC4 impacts 435 
carbon and nitrogen allocation to starch, lipid and protein, increasing the protein content of 436 
soybean and maize. Seeds of transgenic crops expressing the QQS gene and NF-YC4 yield 437 
increased protein without yield penalty. QQS and its related network open a new strategy to 438 
understand nitrogen allocation and create high-protein crops. 439 
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Figure Legends 1 
 2 
Fig. 1 Phenotype and composition of soybean transgenic lines over-expressing GmNF-YC4-1. a 3 
Visual phenotype and developmental patterns of GmNF-YC4-1-OE mutant lines were similar to 4 
the Williams 82 control plants (picture taken in the greenhouse). b Transcript level of GmNF-5 
YC4-1 in the GmNF-YC4-1-OE soybeans is significantly higher than that in the control line. 6 
GmNF-YC4 mRNA transcripts were quantified by real-time PCR in transgenic and non-7 
transgenic plants, compared to that in the independent Williams 82 control plants. c Seed weight 8 
per plant and composition of protein, oil and fiber (T2 generation grown in the field). 9 
Composition was analyzed by near infrared spectroscopy (NIRS), based on a 13% moisture 10 
content. All data in bar charts show mean ± 1 SE, n = 3 biological replicates, from two 11 
independent transformation events. ***, P < 0.001; **, P < 0.01; *, P < 0.05.   12 
Fig. 2 Composition of maize transgenic lines over-expressing ZmNF-YC4 planted in the field. a 13 
Protein content in leaf in ZmNF-YC4-OE mutant lines were higher by Kjeldahl method. b Protein 14 
content in leaf in ZmNF-YC4-OE mutant lines were higher by Lowry Test. c Seed composition of 15 
protein, starch and oil (BC2 generation). Composition was analyzed by near infrared 16 
spectroscopy (NIRS), based on a 15% moisture content. All data in bar charts show mean ± 1 17 
SE, n = 3 biological replicates, from three independent transformation events. ***, P < 0.001; 18 
**, P < 0.01; *, P < 0.05.   19 
Fig. 3 Transcript accumulation in Arabidopsis and soybean leaf and seed. a One transcript that 20 
may be positively associated with high protein in leaf. b One transcript that may be negatively 21 
associated with high protein in leaf. c One transcript that may be positively associated with high 22 
protein in leaf and seed. All data in bar charts show mean ± 1 SE, n = 3 biological replicates.  23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
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Table 1 Materials with different QQS transcript level and protein accumulation. 32 
Genotype Species Tissue QQS transcript level Protein content 
QQS-OE Arabidopsis thaliana Leaf Increased QQS High 
Col-0 Arabidopsis thaliana Leaf Control Control 
QQS-E Glycine max Leaf Ectopic QQS High 
Williams 82 Glycine max Leaf No Control 
QQS-E Glycine max Seed Ectopic QQS High 
Williams 82 Glycine max Seed No Control 
PI 070456 Glycine max Seed No Low 
 33 
Table 2 Transcripts that may be positively associated with high protein content in leaf. 34 
Soybean locus ID 
Matched 
Arabidopsis 
locus ID 
Transcript count (Mean±SE) 
Arabidopsis leaf 
(Col-0)
Arabidopsis leaf 
(QQS-OE)
Soybean leaf 
(Williams 82) 
Soybean leaf 
(QQS-E)
aGlyma02g03680 AT1G24020 307.3±51.7 474.0±16.0 292.5±89.5 1204.3±178.8
Glyma12g29100 AT1G60950 5278.3±923.2 8130.0±1082.0 868.5±414.5 2398.3±378.8
Glyma02g09510 AT1G67950 76.7±12.4 109.0±2.0 115.0±11.0 239.5±31.0 
Glyma02g40290 AT2G30490 668.3±25.6 1002.0±27.0 716.5±114.5 1705.0±140.5
Glyma10g15730 AT2G36780 1.3±0.3 9.5±6.5 17.5±12.5 121.5±14.3 
Glyma05g26450 AT2G39080 135.7±21.7 194.0±12.0 475.0±278.0 620.0±56.5
Glyma16g06930 AT3G01710 21.7±6.0 42.0±4.0 8.0±6.0 23.8±2.5 
Glyma13g23630 AT3G47650 832.7±21.8 1562.5±3.5 547.0±280.0 693.8±59.1
Glyma17g12370 AT3G47650 832.7±21.8 1562.5±3.5 539.0±281.0 610.5±49.5 
Glyma04g19020 AT3G47650 832.7±21.8 1562.5±3.5 403.5±129.5 510.3±46.4
Glyma06g08230 AT4G20325 44.7±4.1 72.5±0.5 36.5±6.5 73.5±4.6 
Glyma14g38090 AT4G35160 9.7±0.3 45.0±15.0 151.5±95.5 352.5±64.3
Glyma10g28090 AT5G03560 29.7±0.9 44.5±2.5 268.0±161.0 348.5±36.6
Glyma04g31810 AT5G60910 30.0±5.5 50.5±3.5 4.0±4.0 17.5±1.6
Glyma08g17290 AT5G64670 141.0±18.1 206.5±9.5 123.5±24.5 185.0±13.7
 35 
aThe accumulation of this transcript is visualized in Fig. 3a. 36 
 37 
 38 
 39 
 40 
 41 
 42 
 43 
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Table 3 Transcripts that may be negatively associated with high protein content in leaf. 44 
Soybean locus ID 
Matched Arabidopsis 
locus ID 
Transcript count (Mean±SEM) 
Arabidopsis 
leaf (WT)
Arabidopsis 
leaf (QQS-OE)
Soybean leaf 
(WT)
Soybean leaf 
(QQS-E)
Glyma13g24520 AT1G28380 127.0±17.0 76.5±11.5 51.0±50.0 6.5±1.3
Glyma07g32010 AT1G28380 127.0±17.0 76.5±11.5 48.0±41.0 8.5±3.2
Glyma15g02000 AT1G52190 240.3±102.8 102.5±4.5 31.5±27.5 3.3±0.5
Glyma12g33230 AT1G53050 107.7±11.0 69.5±4.5 133.0±82.0 66.8±6.9
Glyma13g37230 AT1G53050 107.7±11.0 69.5±4.5 175.5±107.5 105.0±7.6
Glyma06g44730 AT1G53050 107.7±11.0 69.5±4.5 397.5±216.5 251.0±11.2
Glyma04g03150 AT1G75410 125.3±11.1 82.5±0.5 132.5±56.5 48.3±7.0
Glyma06g03200 AT1G75410 125.3±11.1 82.5±0.5 174.5±104.5 56.0±8.1
Glyma14g08120 AT2G16250 35.3±3.9 18.0±3.0 360.5±282.5 191.3±15.1
Glyma12g32520 AT2G19130 55.3±5.9 29.0±6.0 102.0±73.0 65.3±3.3
Glyma03g00530 AT2G19130 55.3±5.9 29.0±6.0 72.5±68.5 8.5±1.2
Glyma06g45590 AT2G19130 55.3±5.9 29.0±6.0 119.0±84.0 54.0±5.0
Glyma07g19120 AT2G38310 161.7±14.1 97.5±0.5 203.5±173.5 58.3±8.0
Glyma18g46750 AT2G45910 65.3±7.3 36.5±9.5 590.0±298.0 352.5±33.1
Glyma03g01110 AT2G45910 65.3±7.3 36.5±9.5 73.0±72.0 2.3±0.9
Glyma20g30030 AT2G45910 65.3±7.3 36.5±9.5 56.0±17.0 26.8±1.4
Glyma07g07650 AT2G45910 65.3±7.3 36.5±9.5 290.5±245.5 37.8±8.8
Glyma10g02370 AT2G47800 271.0±36.1 139.5±11.5 1176.5±754.5 386.8±52.1
Glyma20g34670 AT3G01680 149.0±35.2 75.0±5.0 6274.0±5614.0 218.8±36.8
Glyma16g28460 AT3G05650 78.7±14.2 42.0±4.0 60.5±55.5 0.8±0.5
Glyma02g28530 AT3G12020 139.0±26.9 79.5±9.5 266.5±168.5 187.0±13.8
Glyma13g34090 AT3G14840 370.7±53.4 226.0±10.0 78.5±75.5 10.8±1.4
Glyma07g37100 AT3G16910 477.3±12.4 326.5±16.5 612.5±156.5 335.3±33.9
Glyma09g40870 AT3G28040 353.7±70.5 221.0±5.0 513.5±500.5 104.8±12.2
Glyma11g09230 AT3G51480 31.0±7.2 11.5±3.5 187.5±129.5 112.3±14.6
Glyma07g37930 AT3G62900 95.3±10.2 55.0±2.0 104.0±55.0 42.3±7.1
Glyma10g27860 AT4G01720 35.0±6.7 15.5±3.5 66.0±64.0 7.0±1.2
Glyma09g04310 AT4G16150 151.3±5.8 103.5±3.5 313.5±175.5 181.5±16.8
Glyma11g00510 AT4G23180 156.3±15.3 85.0±14.0 12.0±11.0 0.3±0.3
Glyma20g27690 AT4G23180 156.3±15.3 85.0±14.0 33.5±33.5 4.3±1.1
Glyma18g45180 AT4G23180 156.3±15.3 85.0±14.0 89.5±88.5 1.8±0.6
Glyma20g27510 AT4G23180 156.3±15.3 85.0±14.0 10.5±10.5 0.8±0.5
Glyma20g27670 AT4G23180 156.3±15.3 85.0±14.0 11.5±8.5 1.5±0.6
Glyma10g32710 AT4G28600 94.0±6.1 56.5±9.5 137.5±121.5 65.3±5.1
Glyma04g05250 AT4G32940 260.7±59.1 151.5±0.5 453.0±274.0 285.5±24.1
Glyma14g10620 AT4G32940 260.7±59.1 151.5±0.5 1140.5±734.5 424.8±29.6
Glyma18g44930 AT5G01950 78.7±13.9 35.5±7.5 1214.5±1196.5 58.8±12.8
Glyma02g26890 AT5G06600 417.7±41.2 279.5±3.5 156.0±107.0 79.3±6.9
Glyma03g36450 AT5G06600 417.7±41.2 279.5±3.5 133.5±123.5 25.0±3.3
Glyma07g38510 AT5G19010 198.7±27.3 123.0±3.0 465.0±359.0 210.3±17.2
aGlyma16g10080 AT5G36930 81.7±5.2 49.5±11.5 111.5±63.5 37.5±2.9
Glyma16g33910 AT5G36930 81.7±5.2 49.5±11.5 290.5±248.5 94.5±15.6
Glyma19g07650 AT5G36930 81.7±5.2 49.5±11.5 264.0±245.0 25.5±6.0
Glyma02g02790 AT5G36930 81.7±5.2 49.5±11.5 115.0±112.0 16.5±4.1
Glyma16g10270 AT5G36930 81.7±5.2 49.5±11.5 109.0±99.0 41.5±5.2
Glyma16g33930 AT5G36930 81.7±5.2 49.5±11.5 10.5±8.5 1.8±0.3
Glyma08g41270 AT5G36930 81.7±5.2 49.5±11.5 73.0±61.0 13.3±3.6
Glyma16g34000 AT5G36930 81.7±5.2 49.5±11.5 12.5±10.5 3.5±0.3
Glyma16g23790 AT5G36930 81.7±5.2 49.5±11.5 464.5±353.5 254.0±2.6
Glyma16g25110 AT5G36930 81.7±5.2 49.5±11.5 318.5±292.5 58.3±13.5
Glyma17g16150 AT5G47040 236.7±32.2 135.5±7.5 472.5±292.5 283.5±38.6
Glyma08g43780 AT5G48150 81.0±2.5 37.5±2.5 397.5±202.5 178.5±10.7
Glyma07g40100 AT5G49760 249.3±13.2 158.0±9.0 207.5±205.5 45.0±8.2
Glyma09g02210 AT5G49760 249.3±13.2 158.0±9.0 2217.0±2166.0 276.5±57.0
Glyma05g37680 AT5G52430 64.7±9.9 38.5±2.5 260.0±170.0 109.8±18.8
Glyma01g42970 AT5G52430 64.7±9.9 38.5±2.5 41.5±37.5 5.3±0.9
Glyma17g07520 AT5G57710 383.7±7.4 245.5±13.5 712.0±438.0 441.3±26.2
Glyma12g29630 AT5G60570 92.0±4.7 60.0±8.0 611.0±353.0 300.5±20.6
Glyma05g07380 AT5G60910 30.0±5.5 50.5±3.5 86.5±33.5 260.3±23.9
Glyma14g08800 AT5G66850 134.0±22.3 66.0±3.0 111.0±81.0 44.3±4.9
Glyma17g36380 AT5G66850 134.0±22.3 66.0±3.0 31.0±29.0 2.0±0.9
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aThe accumulation of this transcript is visualized in Fig. 3b. 45 
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